It has been two decades since the yeast Ypt1 and Sec4 proteins and the mammalian Rab (Ras-related proteins in brain) GTPases were first identified as evolutionarily conserved, essential regulators of membrane trafficking (Salminen and Novick, 1987; Schmitt et al., 1986; Touchot et al., 1987) . The proteins are members of the wider Ras superfamily of GTPases (Wennerberg et al., 2005) . Over 70 human Rab and Rablike members of the Ras superfamily have been identified (Colicelli, 2004; Stenmark and Olkkonen, 2001) , and the functions of 36 Rab GTPases have been delineated. Rab GTPases are molecular switches, cycling between active and inactive states and serving as scaffolds to integrate both membrane trafficking and intracellular signaling in a temporally and spatially sensitive manner (Bucci and Chiariello, 2006; Zerial and McBride, 2001) . Despite the small sizes of Rab proteins (20-25 kDa), structural analyses reveal they have multiple interaction surfaces through which they associate with regulatory molecules and downstream effectors to exert their functions (Chen et al., 2003; PereiraLeal and Seabra, 2000; Pfeffer, 2005) .
Rab GTPases regulate membrane trafficking, cell growth and differentiation
Characterization of around half of the known Rab GTPases has revealed the extraordinary complexity of membrane trafficking circuits and shows that Rab GTPases are also essential for signaling and the control of cell proliferation and differentiation. Rab proteins are present on all compartments of the endomembrane system (endoplasmic reticulum, Golgi, endosomes, lysosomes), the nucleus, the plasma membrane (including cell junctions and focal adhesions), mitochondria and centrioles. In addition, they help regulate 
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Rab7-GTP-RILP dimer (PDB ID 1YHN) Rab7-GDP-REP1 (PDB ID 1VGO) (Barbero et al., 2002; Vitale et al., 1998; Vonderheit and Helenius, 2005 
Early endosomes Endocytosis of integrins, cell-extracellular matrix adhesion and motility Pellinen et al., 2006 Rab22a,b,c/ Rab31
Early endosomes and trans-Golgi Biosynthetic pathway; (a) endosome to Golgi transport; phagosome maturation (b) trans-Golgi to endosome transport Kauppi et al., 2002; Mesa et al., 2001; Roberts et al., 2006; Rodriguez-Gabin et al., 2001 Rab24 Autophagosomes, nuclear inclusions Induction of autophagy, tyrosine phosphorylated Munafó and Colombo, 2002; Overmeyer and Maltese, 2005 Miaczynska et al., 2004) . Rab family members that signal to the nucleus (Rab5, Rab8, Rab24 and possibly others) might work in concert with the Ran GTPase (also a Rab family member), which controls nucleocytoplasmic shuttling, to bring about rapid responses to signaling that require changes in cell growth or differentiation (Joseph, 2006; Miaczynska et al., 2004; Wu et al., 2006) . Rab32, which regulates mitochondrial fission, may participate in adaptation to changing energy requirements during growth (Alto et al., 2002; Hood et al., 2006) . Cell growth and differentiation may in turn be modulated through the coordinated actions of Rab GTPases regulating cell-matrix and cell-cell adhesion (Rab4a, Rab8b, Rab13 and Rab21) and those involved in growthregulatory signaling and mitosis or apoptosis (Rab6aЈ, Rab11, Rab12, Rab23, Rab25, Rab35, Ran and likely others) (Bucci and Chiariello, 2006; Del Nery et al., 2006; Fan et al., 2006; Iida et al., 2005; Kouranti et al., 2006; Wang et al., 2006; Yu et al., 2007) .
Rab proteins temporally and spatially control vesicular transport Rab GTPases must both cycle between GTP-bound active and GDP-bound inactive forms and oscillate between different subcellular locations to carry out their functions (Stein et al., 2003; Stenmark and Olkkonen, 2001; Zerial and McBride, 2001) . They sequentially interact with specific effectors to facilitate vesicular transport from vesicle budding to fusion. In addition, interfaces with intracellular signaling cascades can serve to up-or downregulate transport, depending on cellular requirements. 
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Early/sorting and recycling endosomes The membrane association/dissociation and nucleotide binding/hydrolysis cycles are intimately connected and regulated by specific chaperones. Rab family members are modified by a prenyl moiety at their C-termini (Rab44, Rablike proteins and Ran are notable exceptions) (Colicelli, 2004; Leung et al., 2006; Leung et al., 2007) . The increased hydrophobicity due to prenylation necessitates delivery to the appropriate membrane by accessory factors such as Rab escort protein (REP) after synthesis (Goody et al., 2005) . Once delivered to the membrane, Rab proteins are activated by the exchange of GDP for GTP, triggered by guanine nucleotide exchange factors (GEFs). Once an individual transport step is completed, GTPase-activating proteins (GAPs) accelerate Rab GTP hydrolysis allowing recognition by a GDP dissociation inhibitor (GDI), which sequesters the Rab in the cytosol until it is recruited to a membrane and begins the transport cycle again (Goody et al., 2005) .
Regulation of Rab activation and inactivation may be linked to signaling in order to allow dynamic responsiveness to cellular trafficking needs. Rab regulatory proteins (GEFs, GAPs and GDIs) are phosphorylated in response to stress and growth factor signaling, thereby enhancing or diminishing Rab activity and resulting in up-or downregulation of constitutive and regulated trafficking (Bucci and Chiariello, 2006; Roach et al., 2007) . For example, in insulin signaling, phosphorylation of the Rab GAPs Tbc1d4/AS160 and Tbc1d1 by Akt (protein kinase B) results in heightened levels of activated Rab proteins involved in trafficking and fusion of glucose transporter (Glut4) vesicles with the plasma membrane.
Activated Rab proteins serve as molecular scaffolds to coordinate three main membrane-trafficking steps: vesicle budding, cytoskeletal transport, and targeted docking and fusion (Grosshans et al., 2006; Stein et al., 2003) . Consequently, Rab proteins interact sequentially with many downstream effector proteins in a temporally and spatially regulated manner. To induce vesicle budding, Rab proteins promote cargo selection. Rab9, for example, binds to tail-interacting protein 47 kDa (TIP47), which mediates Golgi recyling of the mannose 6-phosphate receptor from endosomes (Carroll et al., 2001) . Rab GTPases also cooperate with Arf GTPases to recruit vesicle coats. Rab11, for example, may regulate protein coat recruitment via ARF4 and the Arf GAP ASAP1 and enable rhodopsin transport from the TGN to the rod outer segment of photoreceptor cells (Deretic, 2006) . Following budding, a number of Rab proteins (e.g. Rab6, Rab7, Rab11 and Rab27) are known to recruit actin-or microtubule-based motor protein complexes (MPCs) that transport vesicles along cytoskeletal filaments (Jordens et al., 2005) . Finally, Rab proteins help recruit tethering factors, which help target the carrier to the appropriate membrane, as well as SNARES, which may directly promote homotypic or heterotypic membrane fusion (Grosshans et al., 2006; Markgraf et al., 2007) . On the endocytic pathway, Rab proteins also scaffold lipid kinases and phosphatases to control budding and fusion (the micrograph illustrates colocalization of the myotubularin phosphatase MTM1, the lipid kinase hVPS34 and Rab7) (Cao et al., 2007; Shin et al., 2005) .
The Rab family tree
The human Rab family includes multiple paralogs (e.g. Rab5a, Rab5b and Rab5c) which probably arose through gene duplication (Colicelli, 2004; Stenmark and Olkkonen, 2001) . Further isoform diversity is generated through ongoing mRNA processing in the form of alternative splicing (Dou et al., 2005) . Ran, a GTPase initially thought to define a separate family, and several recently identified Rab-like GTPases are categorized as part of the Rab family on the basis of comparative sequence analyses (Colicelli, 2004 
Rab proteins as scaffolds
The rapidly expanding RCSB Protein Data Bank (www.rcsb.org) contains the crystal structures for 26 mammalian Rab GTPases and eight Rab-effector complexes. Rab7 was the first GTPase structure to be solved both in its GTPand in its GDP-bound states (Brachvogel et al., 1997) . The Rab7 structure has also been solved in a complex with a regulatory protein (REP1) and an effector (RILP) and therefore serves as an instructive example (Rak et al., 2004; Wu et al., 2005) . The GDP-and GTPbound forms of Rab7 demonstrate the significant conformational changes in the Switch I (blue) and II (pink) regions that occur as a consequence of GTP binding and hydrolysis (Goody et al., 2005; Pereira-Leal and Seabra, 2000) . So far, comparison of Rab7 in complexes with RILP and REP1 reveals two overlapping surfaces that are important for protein-protein interactions. At least two disease-causing mutations, outside the nucleotide-binding pocket of Rab7, disrupt effector interactions (Mukherjee and Wandinger-Ness unpublished observations), which suggests that additional protein-interaction surfaces exist. Rab7 and other Rab proteins have discrete protein-protein interaction surfaces that enable them to play pivotal roles as molecular scaffolds. Structural overlays of Rab GTPases and analyses of protein-protein interaction surfaces will be crucial if we are to understand how Rab GTPases and their effectors function and contribute to human disease when mutated (Pfeffer, 2005; Stein et al., 2003) .
Rab proteins in disease and as drug targets
Given the importance of Rab GTPases in many cellular functions, it is not surprising that altered expression or mutation of Rab proteins and/or their effectors may underlie human diseases such as cancer (Rab25, Rab5 and Rab7), neuronal dysfunction (Rab1 and Rab7), retinal degeneration (Rab8) and immune and pigmentation disorders (Rab27 and Rab38) (Cheng et al., 2005; Chua and Tang, 2006 ; Di Pietro and Dell'Angelica,
